are the major inorganic components of the pancreatic juice (5). While the knowledge of the secretory mechanisms in the pancreas is still incomplete, recent evidence suggests that the water in pancreatic juice is secreted into the duct system of the gland secondary to the active transfer of electrolytes (5, 16, 17) . The mechanism of this active transfer and the nature of the actively transported ion (or ions) are still a ma.tter of controversy.
A number of investigators have proposed the primary active transport of bicarbonate (5, 6), whereas others suggest the presence of a sodium pump in the secretory segment of the gland (3, 16). The exact monovalent ionic composition of the primary secretory fluid of the pancreas is also unknown. In the present experiments, the monovalent ionic composition of the primary secretory fluid was studied in the pancreas of the rat and rabbit. Micropuncture and microanalytical techniques were used for the determination of the concentrations of sodium, potassium, and chloride in the acinar fluid of these glands. Indirect determinations of the bicarbonate concentrations in the acinar fluid were accomplished by the retrograde perfusion of the duct system of the glands with solutions of the synthetic polyamino acid polylysine, a cell membrane-affecting agent which has been shown to eliminate transductal fluxes of ions in the duct system of the rat parotid gland (11). Measurements of amylase concentrations in the acinar fluid and the pancreatic juice were used for the detection of water fluxes across the excretory ducts of these glands. The changes in the monovalent ionic composition which occur as the pancreatic secretory fluid flows along the ducts of the gland were also investigated.
It was shown that marked differences in the concentrations of the anions chloride and bicarbonate of the pancreatic acinar fluid and in the transductal fluxes of these ions ences may handling of species.
exist betweel I the rat and rabbit. These differexplain the existi ng controversies about the ' monovalent ions by the pancreas of other
METHODS
Rat breparations. Male albino rats of the Sprague-Dawley stram weighing 150-250 g were used in these experiments. The animals were housed under constant environmental temperature in air-conditioned quarters and were fed a standard diet (Wayne-Mouse Breeder Blox, Allied Mills Inc., Chicago, Ill.). Under light ether anesthesia both femoral veins of each rat were cannulated with polyethylene tubing of 0.28 mm id and 0.61 mm od (PE-10, Clay-Adams Inc., New York City). SodiuFl pentobarbital (3-4 mgjlO0 g body wt) was then injected in the right vein. The remaining surgical preparation of the animal was as previously reported from this laboratory (9, 10). The abdomen of the rat was then opened by a right lateral incision and the duodenum was identified.
In the rat, the pancreas is a diffuse organ extending from the duodenal loop on the right along the greater curvature of the stomach to the spleen on the left. It is composed of flattened lobules of secretory tissue which drain into a number of ducts located along the entire length of the gland. The rat pancreas has no main pancreatic duct but, instead, the larger ducts drain into the common bile duct which extends from the hilum of the liver to the medial side of the duodenum.
Each lobule consists of clusters of acini which drain into an intralobular system of ducts. These ducts are approximately 15-20 p in diameter. The lobular ducts form the interlobular duct system which drains into the larger ducts of the gland. In each animal the bile duct was identified on the serosal side of the duodenal wall and was dissected free of pancreatic tissue. An incision was made under X20 magnification using the Bausch and Lomb Stereozoom 7 microscope and a piece of polyethylene tubing (PE-10) was inserted l-2 mm into the duct and tied in place with a fine ligature. Spontaneous flow of bile-stained fluid was immediately observed. The hilum of the liver was then exposed and the common bile duct was identified and ligated. The flow of fluid through the cannula immediately decreased and in 2-3 min the fluid became clear. Samples of pancreatic juice were then collected in tared polyethylene microcentrifuge tubes (Spinco Division, Beckman Instruments, Inc., Fullerton, Calif.). Initially, two to three samples of pancreatic juice from the unstimulated gland were obtained at IO-mm intervals. Subsequently, an infusion of 0.5 U/min of secretin (Boots Pure Drug Co. Ltd., Nottingham, England) was begun through the polyethylene cannula inserted into the left femoral vein. Samples were collected at 5-to IO-mm intervals in the ensuing 30 min, while secretin was infused. When constant rates of flow were reached, the infusion of secretin was stopped, but collections of pancreatic juice were continued until the flow rates returned to prestimulation levels. During these experiments the flow of pancreatic juice showed the following pattern ( Fig. 1) : From the levels of the unstimulated gland a gradual increase in flow rate was observed when secretin infusion was begun; constant maximal rates were observed within 15 min; subsequently, the flow rates remained constant for 20 min despite continuing infusion of secretin; after the infusion of the hormone had been discontinued, a slow gradual decrease in the pancreatic flow rate was noted, and flow rates returned to prestimulation levels within 40-60 min. Since preliminary experiments showed that under the conditions of this study the concentrations of monovalent ions were a function of the flow rate, rather than of the time from the onset of stimulation of the gland with secretin, the concentrations of these ions were related to the flow rate irrespective of the time from onset of stimulation. During each experiment, the exposed parts of the intestines and other abdominal viscera were covered with mineral oil to avoid evaporation of water and dessication of the tissues. The rectal temperature of the animal was maintained at 37 C through a rheostatically regulated heated base of the operating table. At the end of each experiment a solution of 2 % lissamine green (Chroma Gessellschaft, Stuttgart, Germany) was injected through the polyethylene cannula into the gland. This procedure helped the identification of the functioning gland tissue within the fat lobules of the omentum. The green colored gland tissue was dissected and weighed. The flow rates of pancreatic juice were expressed as microliters per minute per gram of wet gland tissue (cll/min per g wet wt).
Retrograde perfusion of rat #aweas with solutions of polylysine.
The method of retrograde perfusion had been described in previous studies of the rat parotid gland (11, 12). The animal was prepared for collections of pancreatic juice as above. After ligation of the common bile duct at the liver hilum and clearing of bile-stained fluid from the duct system, the polyethylene cannula was removed and replaced with another cannula connected to a 1 .O ml propyl polyethylene tuberculin syringe containing 0.3-0.4 ml of a 5 X lOA7 M solution of the synthetic polyamino acid polylysine (mol wt 115,000, Pilot Chemicals Inc., Watertown, Mass.) in isotonic saline. The tail of the pancreas near the spleen was exposed and covered with mineral oil. The solution of polylysine was gently injected until distention and filling of the pancreatic acini of the tail region was observed under X50 magnification using the Bausch and Lomb Stereozoom 7 microscope and a Leitz Monla illuminator. The solution was kept at the acinar level for 2 min by exerting gentle pressure on the plunger of the syringe. At the end of this period the polyethylene cannula was cut at the appropriate length and pancreatic secretion was stimulated by the intravenous injection of 3 units of secretin followed by the infusion of the hormone at the rate of 0.5 U/min as described above. Collections of pancreatic juice were made at the appropriate time intervals. The infusion of secretin was discontinued when the flow rates became constant and pancreatic juice was collected until resting flow rates were reached. The samples were analyzed for sodium, potassium, chloride, bicarbonate, and amylase concentrations.
Micropuncture of duct system of rat pancreas. The animal was prepared as above and the duct was cannulated for collection of pancreatic juice. The region of the pancreas surrounded by the duodenum was used for the micropuncture experiments. A specially designed semicircular Plexiglas holder at the end of a steel rod was inserted under the duodenum and was fixed to a horizontal bar on the side of the operating table (9). The duodenum was sutured with five ligatures on the perforations of the holder and special care was taken to avoid tension of tissues. In all the experiments adequate circulation of the pancreatic segment was made certain before micropuncture was attempted. The exposed gland was covered with mineral oil. From each animal three to four samples of acinar fluid were collected by the method previously described for the rat parotid (9). The volume of the micropuncture samples of acinar fluid was 0.5-2.7 nl as measured with specially designed ultramicro volumetric pipettes. The collection periods ranged between 4 and 11 min, and each experiment lasted 60-100 min. The flow rate was measured through collections of the final pancreatic juice which were made during the micropuncture periods. One micropuncture collection was made in the unstimulated gland; one during the highest flow rates induced by the intravenous infusion of secretin and one or two collections at lower flow rates. At the end of each micropuncture experiment the site of micropuncture was identified by injection of latex followed by microdissection of the lobule.
In the second series of experiments, simultaneous micro- (15) . The pancreatic duct was identified and cannulated at its duodenal end by using a polyethylene cannula (PE-10) which was tied in place with a cotton ligature. The adjoining viscera were retracted from the duodenal loop which was allowed to rest in the abdomen. Stimulation of pancreatic secretion was accomplished by the infusion of secretin (1.5 U/min) intravenously. The method and patterns of sample collection were similar to those used in the rat. At the end of the experiment and without mobilizing the preparation a solution of 2 % lissamine green was injected and the stained gland was dissected for weighing.
The flow rates were calculated as in the rat. The experiments of retrograde perfusion were performed in an identical fashion to that used in the rat. For the micropuncture experiments the duodenum and the gland were fixed on a Plexiglas holder as described by Reber and Wolf (15) and Schultz et al. (17) . Micropuncture of the acini and interlobular ducts with simultaneous measurements of the flow rates of the final pancreatic juice were performed as described above and in previous reports from this laboratory (9).
RESULTS
Rat pancreas. As shown in Fig. 2 same range as in the final product of the gland and, as shown on Table 1 , it did not change with changes in the secretory flow rate. Similarly, the concentration of potassium in the final pancreatic juice was constant at all flow rates and within the range of 3.8-10.1 mEq/liter. In the acinar fluid, the concentration of potassium was identical to that of the final product of all flow rates observed in these experiments ( Table  1 ). The concentrations of chloride, however, changed with changes in the flow rate (Fig. 2) . The highest chloride concentration (109.2 mEq/liter) was observed at the highest flow rates of pancreatic secretion. At progressively lower flow rates, a gradual decrease in chloride concentrations was observed. The lowest chloride concentration (70.2 mEq/liter) was observed at the lowest flow rates (3.0 pljmin per g wet wt) of the unstimulated pancreas. In the acinar fluid the chloride concentrations were slightly higher than those observed in the pancreatic juice at the highest flow rates of the secreting gland and ranged between 108.8 and 120.7 mEq/liter ( Table  1) . As shown in Table 1 , there were no variations in the chloride concentration of the acinar fluid with changing flow rates. Following retrograde perfusion of the duct system of the gland with the solution of polylysine (Fig. 3) , the final pancreatic juice contained chloride in concentrations ranging from 99. 2-112.5 mEq/liter at all flow rates. It was also observed that in these glands and under the same degree of stimulation with secretin the maximal flow rates were lower than those of the nonperfused glands. As shown in Fig. 4 , there were no differences in the relationship of amylase concentration in the pancreatic juice to the flow rate before or after retrograde perfusion of the gland with polylysine under the present experimental conditions. As shown in Fig. 5, and the mean flow rate was 3.9 & 1.6 pl/min per g wet wt.
Rabbitpancreas. The pancreatic juice of the rabbit pancreas contained sodium in concentrations higher than the pancreatic juice of the rat (Fig. 7) . It ranged between 150.1 and 162.4 mEq/liter and did not vary with changes in the secretory flow rate. The acinar fluid of this gland contained sodium in concentrations identical to those observed in the final product. As shown on Table 2 (Fig. 7) . The concentrations of potassium in the acinar fluid were identical to those of the final secretory product and, as shown in Table 2 , they did not vary with changing flow rates. The lowest concentrations of chloride in the pancreatic juice ranged between 35.3 and 44.5 mEq/liter (Fig. 7) and were observed at the high flow rates. At progressively decreasing flow rates, a gradual increase in the chloride concentration was observed. The highest concentration of 90.5 mEq/liter was observed at the lowest flow rate of 3.5 pl/min per g wet wt. The chloride concentration in the acinar fluid ( Table 2) of th e rabbit pancreas was similar to the concentration of this ion in the final product at the highest flow rates. The range of observed values was between 38.0 and 47.0 mEq/liter.
There was no significant variation in the concentration of chloride in the acinar fluid with changing flow rates ( 
DISCUSSION
This investigation presents direct measurements of the concentrations of the monovalent ions sodium, potassium, and chloride, and indirect determinations of the concentration of bicarbonate in the acinar fluid of the rat and rabbit pancreas. The acini and intercalated ducts have been assumed to be the site of production of the primary secretory fluid in the pancreas as well as in other exocrine glands. It is in this segment that, according to existing theories of exocrine gland function, the secretory fluid is produced by a transport mechanism involving the transcellular movement of ions followed by fluxes of water (5). In recent years, various hypotheses as to the composition of the primary secretory fluid of the pancreas have been proposed. Janowitz and Dreiling (6) believe that this fluid is a solution of (sodium) bicarbonate which is isotonic to plasma and is modified as it flows through the duct system of the gland by transductal processes of reabsorption and secretion of electrolytes. Lim et al. (8), as well as others (5), have proposed the theory that the primary pancreatic fluid is a mixture of various solutions: one with low chloride and variable bicarbonate concentrations and one with high enzyme contents. Schulz and her associates (17) punctured the acini of the rabbit pancreas and measured the chloride concentration in the primary secretory fluid after stimulation of the gland with secretin. In one group of experiments performed during the winter of 1967-68, the concentration of chloride was 92.0 mEq/liter, while in a second series of experiments performed in the summer of 1968 it was found to be 60.8 mEq/liter.
This difference in chloride concentration of the prirnary secretory fluid was attributed to seasonal changes of undetermined nature. In these experiments which were performed between January and August of 1970, no seasonal changes in the monovalent ionic composition of the acinar fluid of either the rabbit or rat were observed. The fact that the animals used in this study were housed in air-conditioned quarters under constant temperature, and that they were fed a standardized diet, may be offered as a possible explanation for the lack of seasonal or other variations in the experimental results. The mean chloride concentration in the acinar fluid (113.6 mEq/liter) of the rats was higher than the mean chloride concentration in the plasma of these animals (102.6 =t 4.7 mEq/liter). This difference in the chloride concentration between plasma and acinar fluid could be explained on the basis of the Gibbs-Donnan equilibrium, or, it could be due to active transport of this ion into the acinar fluid in concentrations higher than in plasma by the secretory mechanism of the acinar cells. While the concentrations of sodium, potassium, and chloride were measured directly in fluid obtained from the acini of the gland, the concentration of bicarbonate was determined indirectly by the method of retrograde perfusion of the duct system of the pancreas because of the lack of appropriate methods for the determination of bicarbonate concentrations in ultramicrosamples.
It has been shown that the strongly positively charged synthetic polyamino acid polylysine interacts with the surface of many (7) living cell membranes.
Exposure of the mucosal side of the toad bladder to dilute solutions of polylysine caused a marked fall in the potential difference and in the short circuit current indicating decrease in sodium transport (19). In the rat parotid gland (1 I), retrograde perfusion with solutions of polylysine caused marked inhibition of the transductal reabsorption of sodium resulting in the excretion of a saliva with sodium concentrations almost identical to those of the primary secretory fluid of the gland. In this study, the almost identical concentrations of chloride in the final pancreatic juice and in the acinar fluid after retrograde perfusion with a solution of polylysine indicate that this agent eliminated the transductal fluxes which modify the anionic composition of the pancreatic juice. The identical concentrations of amylase in the pancreatic juice of control and experimental rats indicates that no changes in the fluxes of water occurred after exposure of the duct system to polylysine; thus, it may be concluded that the primary secretory (acinar) fluid of the rat pancreas is a solution containing chloride in concentrations significantly higher than bicarbonate.
The concentrations of both of these ions in the acinar fluid are significantly higher than in the plasma suggesting that both ions are probably actively transported in the acinus against a concentration gradient. In the rabbit, the acinar fluid contained sodium in concentrations higher than in the rat. The mean sodium concentration of 157.4 mEq/liter was significantly higher than the mean plasma sodium concentration of 140.8 mEq/liter in these animals.
The concentration of potassium in the acinar fluid (3.1 mEq/liter) was slightly lower than the plasma potassium concentration of 5.6 mEq/liter in these animals. (3, 4) suggests that a sodium pump may be the primary mechanism in the process of pancreatic secretion. If this were the case and the movements of anions were passive the concentration of the latter should reflect the concentrations in either the plasma or the intracellular water. The present investigation shows major differences in the anionic composition of the pancreatic acinar fluid between the rabbit and rat without any demonstrable differences in the anionic composition of plasma between these two species. This indicates that, although active transport of sodium cannot be excluded, active transport of anions with species selectivity appears to be involved in the secretory mechanism of the pancreas. In the rat the major secretory anion appears to be chloride while in the rabbit the major secretory anion appears to be bicarbonate. The bicarbonate in the acinar fluid of the rabbit pancreas is in concentrations 4 times the plasma bicarbonate concentration which indicates transport of this #ion against a marked concentration gradient.
In the acinar fluid of the rat the concentration of bicarbonate although lower than that of the rabbit pancreas, is higher than in plasma, indicating also active transport of this ion. The reason for these differences in anionic composition between the rat and rabbit pancreatic acinar fluid is not clear. It is possible that they are the result of adaptive selectivity of the secretory pump in order to provide the proper ionic composition of the pancreatic juice which is necessary for optimal activity and/or preservation of the digestive enzymes. In the past, studies in dogs (6) The primary secretory fluid leaves the secretory segrnent of the pancreas and flows through an intricate system of ducts before it enters the duodenum directly or indirectly through the bile duct. Since the final pancreatic juice has different ionic composition from the primary fluid, the changes in the composition have been attributed to transductal fluxes of ions. These changes have been studied extensively in the salivary glands of the rat by using micropuncture and microanalytical techniques (9, 10, 13, 2 1). Work from this laboratory (9, 10) has demonstrated that in the rat parotid gland, salivary hypotonicity is produced in the striated ducts by the transductal reabsorption of sodium in excess of water from an isotonic to plasma primary secretory fluid. Secretion of potassium into the ductal fluid occurs along the entire duct system. In the pancreas of the dog, cat, and rabbit the concentrations of sodium and potassium in pancreatic juice have been shown to remain constant at all flow rates (5). This has been considered an indication that there are no net fluxes of cations in the pancreatic ducts, and that the observed concentrations of sodium and potassium in the final product are representative of those in the primary secretory fluid. Such reasoning, of course, involves the assumption that the pancreatic ducts are impermeable to water. If the ducts were not impermeable to water, one could argue that the primary secretory fluid could possibly become hypotonic in a proximal segment of the gland by the reabsorption of ions in excess of water and then become isotonic to plasma by fluxes of water out of the ducts along an osmotic gradient in a more distal segment which is permeable to water. This could be studied by measurements of the concentrations of a substance which is secreted at plasma concentrations, but is not reabsorbed in the ducts in a fashion analogous to that of inulin in the kidney. Inulin, however, does not enter the pancreatic juice and for this reason a secretory macromolecule was used as an indicator of water movement across the pancreatic ducts. Since it is known that the excretory ducts of the pancreas do not secrete digestive enzymes, the identical concentrations of amylase in sirnultaneously collected samples of primary secretory fluid and final pancreatic juice indicate that no net water movements occur across the pancreatic duct of the rat. Thus, the identical concentrations of sodium in the primary secretory fluid and the final product also indicate that no net fluxes of sodium occur in the duct system of the rat and, presumably, of the rabbit pancreas. The concentrations of potassium in the primary fluid and in the final product of the rabbit pancreas were identical indicating no net fluxes of potassium in the pancreatic duct. In the rat pancreas, the concentrations of potassium in the final product vscre slightly higher than the concentrations of the same ion in the primary fluid indicating that some net influx of potassium takes place in the ducts of the gland.
In the studies of the handling
